ABSTRACT'. The objective of this study was to characterize the fatty acid biosynthetic pathway of the lactating human breast. Mixed cell populations, obtained by centrifugation of human milk, were enriched in breast epithelial cells by a selective adsorption procedure. Confirmation of the identity of the breast epithelial cells was obtained immunohistochemically. These viable breast epithelial cells incorporated radioactively labeled acetate predominantly into fatty acids with less than 16C atoms. The presence of the two key enzymes characteristic of the medium-chain fatty acid biosynthetic pathway of nonruminant~, fatty acid synthetase, and thioesterase 11, was demonstrated both qualitatively, by immunohistochemistry, and quantitatively, by enzyme assay. The results indicate that the lipogenic system of the human breast is qualitatively very similar to that of rats, mice, and rabbits, which also secrete milk fats containing medium-chain fatty acids. Quantitatively, however, the mammary fatty acid biosynthetic pathway appears to be less active in humans than in these other species. (Pediatr Res 19: 139-143, 1985) The presence of breast epithelial cells in human milk was first reported more than a quarter century ago (10). Although a number of investigators have been successful in culturing these cells (3, 5, 12, 17, 26, 27, 34) , it appears that, to date, no serious attempt has been made to utilize such cells in studying metabolic and enzymological characteristics of the lactating human breast. We have recently attempted to use these cells in the study of the fatty acid biosynthetic pathway.
The objective of this study was initially to ascertain whether epithelial cells obtained from human milk could be used to study the lipogenic pathway, to determine whether the pathway resembled that already established for nonruminants and to assess the contribution of the pathway to the overall production of human milk fat.
MATERIALS AND METHODS
Subjects. The age of the donors ranged from 26-36 yr and the stage of lactation ranged from 1-15 months. No attempt was made to differentiate between subjects on the basis of diet, age, stage of lactation, etc. Milk was collected by manual expression, transferred to a plastic tube and maintained at 4" C during transportation to the laboratory for processing.
Preparation of breast epithelial cells. Milk was equilibrated to room temperature and then centrifuged at 500 x g for 10 min. The resulting pellet was resuspended in Krebs-Henseleit bicarbonate buffer containing 1 % (w/v) bovine serum albumin and 10 mM glucose. The cells were washed three times by resuspension and centrifugation. Usually, a portion of the final cell suspension was taken for a cell count and/or immunohistochemical characterization. For enrichment of epithelial cells, the cell suspension (2 ml) was transferred to a glass scintillation vial (20 ml capacity) and the atmosphere flushed with 02/C02 (19:l). The vial was maintained at 37" C for 2 h at which time portions were removed for a cell count, for immunohistochemistry and, where appropriate, for utilization in metabolic or enzymatic studies. Viability of the cells was assessed by the trypan blue exclusion technique and cell number was estimated with a hemocytometer.
Zmmunohistochernical characterization of cells. Cells were fixed in formalin, washed with ethanol and acetone, and stained as described elsewhere (20) . Staining for human breast epithelial cell surface antigens was achieved using a first layer of rabbit antihuman milk fat globule membrane antibodies and a second layer of fluoresceinated goat antirabbit IgG antibodies. For staining of fatty acid synthetase and thioesterase 11, the primary antibodies used were rabbit antihuman fatty acid synthetase and rabbit anti-rat thioesterase 11, respectively. Antihuman milk fat globule membrane antibodies were raised in rabbits and purified by affinity chromatography (4) . The antibodies recognize surface differentiation antigens unique to human mammary epithelial cells (4) . Rabbit antibodies were also raised to highly purified human fatty acid synthetase (35) and rat thioesterase I1 (32) . The antifatty acid synthetase antibodies, purified by ammonium sulfate precipitation and chromatography on DEAE-cellulose, gave a single immunoprecipitin line when diffused against a cytosol prepared from a human breast epithelial cell line (35) . Antirat thioesterase antibodies were purified by affinity chromatography on Sepharose-antigen columns, essentially as recommended by Pharmacia, Uppsala, Sweden. Evidence that these antibodies were monospecific for thioesterase I1 was obtained by Ouchterlony double-diffusion analysis (32) . A detailed analysis of the specificity of the antirat thioesterase I1 antibodies and their crossreactivity with human thioesterase I1 has been presented elsewhere (33) .
Lipogenesis.
Cell suspensions (actual cell number ranged from 0.3-20 million cells) were incubated for 2 h at 37" C under an atmosphere of 0 2 / C 0 2 (19: I) in plastic tubes containing 1 ml of Krebs-Henseleit bicarbonate buffer, pH 7.4, supplemented with 20 mM glucose, 20 mM sodium [I-14C]acetate (100 pCi), and 1% (w/v) bovine serum albumin. Reactions were stopped by sedimenting the cells at 600 x g for 5 min in a centrifuge. The supernatant was discarded and the cell pellet was disrupted in 1.5 ml of hexanelpropan-2-01 (3:2 v/v) in a Polytron homogenizer. Lipids were extracted and saponified and the fatty acids were isolated (24) . Radioactivity in a portion of the extract was determined by liquid scintillation spectrometry (32) and the remainder of the sample was subjected to gas-liquid radiochromatography. Lipogenic rate was directly proportional to the number of cells incubated. Results were calculated on a "per cell" basis.
Gus-liquid chromutography. Analysis of radioactive and nonradioactive samples was carried out on an instrument described previously in detail (2) . Free fatty acids were chromatographed on a column (5 ft x ' /8 in) of 10% HI-EFF, 3% H3P04 on Anakrom Q (60170); a canier gas flow of Ar:C02 (19:l) was maintained at 25 ml/min and the oven temperature was programed from 70-212" C at 4" Clmin. In some experiments, where resolution of saturated and unsaturated fatty acids was required, methyl esters, prepared with BF3/MeOH (18), were chromatographed on a column (6 ft x ' / s in) of 10% DEGS on Supelcoport (50/100); canier gas flow rate was 30 ml/min and the oven temperature was programed from 90-160" C at 8" C/ min.
Enzyme ussuys. Cells were homogenized in 0.5 ml of 0.25 M sucrose/l mM dithiothreitol/l mM EDTA, pH 7.0, in a small glass Potter-Elvehjem homogenizer fitted with a Teflon pestle. Thioesterase I1 was assayed by a radiochemical procedure (32) and fatty acid synthetase by a spectrophotometric method (29) . Enzyme content was calculated on a weight basis from the enzyme activities, based on the specific activities of the purified enzymes.
RESULTS
According to the literature, human milk samples have been found to contain as many as 1 x lo6 nucleated cells per ml (3, 10, 22). These earlier reports indicated that the proportion of different cell types varies considerably among samples; in general, macrophages are the most abundant, accounting for 70-90% of the cells, lymphocytes account for only 1-10% and breast epithelial cells for 2-20%. In a preliminary screening of 20 donors we found that the total cell content of milk samples ranged widely from 5 x lo4 to 4 x lo6 cells/ml, with a mean of 5 x lo5 cells/ml. Employing an immunohistochemical test, which identifies specific differentiation antigens on the surface of breast epithelial cells, we confirmed earlier reports that epithelial cells accounted for less than 20% of the milk cells. Subsequent experiments were carried out with milk samples obtained from five of the donors who, fairly consistently, yielded milk samples containing relatively high numbers of epithelial cells. Even with these donors, the epithelial cell content did not exceed 20% of the total cells. By making use of a simple glass adsorption procedure, we were able to reduce markedly the proportion of macrophages in the milk cell samples. These preparations are referred to as enriched epithelial cells. A selection of typical photographs from immunohistochemical studies on the enriched epithelial cells is presented as Figure I . The series of photographs shows cells stained indirectly for human breast epithelial cell surface antigens, human fatty acid synthetase, and human thioesterase. The latter two enzymes might be expected to play a key role in the endogenous biosynthesis of medium-chain fatty acids, were this to be an important pathway in the production of human milk fat. It should be pointed out that although the antigens used to prepare antiepithelial cell surface antibodies and antifatty acid synthetase antibodies were both of human origin, that used to raise the antithioesterase I1 antibodies was obtained from rat mammary gland. However, we have previously presented strong evidence indicating that these antibodies recognize specifically a human enzyme analogous to the rat thioesterase I1 (33) . In the enriched epithelial preparations, 66 + 29% of the cells stained positively for the cell surface antigens, 6 1 & 2 1 % for fatty acid synthetase, and 68 + 2 1 % for thioesterase 11. Over 90% of the cells were judged "viable" by the trypan blue exclusion test.
Satisfied that the procedure yielded preparations in which the predominant cell type exhibited histochemical properties consistent with their identity as breast epithelial, we initiated studies on the lipogenic pathway. Our procedure for fatty acid analysis has been developed to ensure detection of short-chain fatty acids that might be present either as free acids or as glycerides. By chromatographing the free fatty acids, rather than the commonly used volatile methyl esters, we were able to minimize losses of short-chain fatty acids. Thus we were able to demonstrate clearly, for the first time, that human milk contains trace amounts of butyric (4:O) and hexanoic (6:O) acids (Table 1) . Similarly, when enriched epithelial cells were incubated with [I-14C]acetate and the products analyzed by radiochromatography of the free acids, we were able to identify radioactive C4 and Cg as products, albeit in small amounts. A typical radiochromatogram is shown as Figure 2 . In Table 2 we have compared the rate of synthesis of fatty acids, as well as the products synthesized, by total milk cells, and enriched epithelial cells from the five selected donors.
The lipogenic rate, expressed on a per cell basis, was about 5-fold higher in the enriched cells indicating that these cells are the major lipogenic cell type in human milk. Approximately 85% of the fatty acid synthesized were of chain length less than 16C atoms, predominantly Clo, C12, and C14. Small, but significant, amounts of C4, Cg, and C8 fatty acids were also synthesized. The product profiles of total milk cells and the enriched epithelial cells were quite similar, again supporting the inference that lipogenesis in the milk cell population is dominated by the contribution of the breast epithelial cells. This is entirely consistent with the fact that the contaminating cells, mainly from the Table 1 . Fattv acid comuosition of human milk fat* *Results, expressed in mol%, are means f SDs from milk samples from 5 selected donors. Data were computed from gas chromatographic analysis of both free fatty acids and methyl esters. In the nomenclature used for fatty acid identification, the first number indicates the number of carbon atoms and the second number, which follows the colon indicates the number of double bonds. blood, are known to have low rates of de novo lipogenesis (16, 23) . Although fatty acids of chain length C4-CI4 were also detected as components of the milk-cell lipids (i.e. by the flame ionization detector), long-chain fatty acids predominated, accounting for approximately 70% of the fatty acids of the total milk cells and 50% of the enriched epithelial cell fatty acids. The overall fatty acid composition of the cellular elements of human milk presumably reflects the contribution of structural lipids, predominantly long-chain, as well as retained milk fat. It is not surprising therefore that the endogenous fatty acids are predominantly long-chain whereas the newly synthesized fatty acids are predominantly medium-chain.
By preparing cytosols from the enriched epithelial cells, we were able to confirm the immunohistochemical evidence for the presence of fatty acid synthetase and thioesterase I1 in the cells; quantitative enzymatic assays performed on these cytosols indicated values of 2.5 +-1.0 and 0.023 k 0.006 pg/106 cells for the content of fatty acid synthetase and thioesterase 11, respectively.
DISCUSSION
This report constitutes the first account of some of the metabolic features of epithelial cells from the lactating human breast. Although in this study we have confined our attention to the fatty acid biosynthetic pathway, it is conceivable that epithelial cells derived from human milk could be used to study a variety of metabolic and enzymatic processes. Our results indicate clearly that the fatty acid biosynthetic pathway of the lactating human breast epithelium is devoted to the synthesis of medium-chain fatty acids; fatty acids with less than 16C atoms constitute over 80% of the products of de novo synthesis. In this respect the human mammary gland appears to resemble those of rats, mice, and rabbits, all of which synthesize predominantly mediumchain fatty acids. The pathway of medium-chain fatty acid synthesis also seems likely to follow a similar course in the human gland since the two key enzymes shown to be required in rats, mice, and rabbits, 1.e. fatty acid synthetase and thioesterase 11, are also present in the human. It may be appropriate to point out that the mechanism of medium-chain fatty acid synthesis appears to differ in ruminants and nonruminants. Mammary glands of ruminants lack the chain-terminating thioesterase 11 enzyme and have instead a modified fatty acid synthetase capable of transferring medium-chain acyl moieties directly to the appropriate acceptor (8, 9) .
Although qualitatively, then, the lipogenic system of the human mammary gland appears similar to those of other nonruminant~, there is a major quantitative difference. In Table 3 , we have compared some of the features of the milk fatty acid biosynthetic pathway in epithelial cells from lactating human and rat glands. First, the fat content and the percent of fatty acids <C16 is much lower in human than in rat milk. Thus the output of fatty acid -416, expressed in g/100 ml is almost an order of magnitude lower in the human. Second, although both the human and rat mammary epithelial cells synthesize predominantly fatty acids <C16, the rate of synthesis and the content of fatty acid synthetase and thioesterase I1 is an order of magnitude lower in the human cells. We have considered two possible explanations for the low rate of fatty acid synthesis observed with human cells: (i) The human epithelial cells may be damaged, or may be heavily contaminated with other cell types and therefore the low rate of lipogenesis in vitro might not be representative of the true situation in vivo, or (ii) the observed low rate of fatty acid synthesis might in fact accurately reflect the status of the lipogenic pathway in the human gland. Several findings argue against the possibility that these cells may be damaged, dying, or may be of nonepithelial origin. The vast proportion of the enriched epithelial cell preparations exclude trypan blue and most stain positively for the breast epithelial cell surface markers as well as the breast epithelial cytosol marker, thioesterase 11. Furthermore, these cells have been successfully cultured by a number of investigators (3, 5, 12, 17, 26, 27, 34) . The implications of the second possibility are of considerable interest. The fact that fatty acids <C16 are present in human milk at a much lower concentration than in rat milk is quite consistent with our observation that the rate of synthesis of these fatty acids is much lower in mammary epithelial cells of the human than in those of the rat. Since human breast epithelial cells do not appear to synthesize significant amounts of long-chain fatty acids, the predominant fatty acids of human milk, it follows that the overall contribution of endogenous mammary gland fatty acid synthesis to the production of human milk fat is probably quite low (perhaps only about 20%) compared with that of the rat (perhaps about 50%).
The proportion of medium-chain fatty acids in the milk of our donors is similar to that reported by other investigators for women ingesting typical Western diets. However, it was shown in 1959 that changes in the fatty acid composition of human milk can be induced by alterations in diet (1 1). This would seem to be an appropriate time to reevaluate the significance of these earlier observations. Insull el al. (1 1) provided a human subject with two experimental isocaloric diets, one containing 70% of the calories as corn oil, the other containing less than 1 % of the calories as fat. The total milk fat production was similar when the subject was fed the two diets, about 24-30 gjday. Unfortunately, fatty acids of chain length <C12 were not measured in that study. Nevertheless, it is clear that the content of C12 and C14 fatty acids in the milk was more than 6-fold higher when the subject was fed the low-fat rather than the high-fat diet. If, as our present study indicates, these medium-chain fatty acids are syn- t Data from References 6 and 28.
thesized by the mammary epithelial cells, then it would seem that the fatty acid synthesizing system of the human breast may be an adaptive one which can be repressed by maternal diets high in fat. This question, whether or not the fatty acid synthesizing system of lactating mammary glands is adaptive to dietary changes, is a controversial issue. Romsos et al. (25) and Grigor and Warren (7) have claimed that the system in rats and mice is indeed affected by dietary fat, whereas Smith et al. (30) have suggested that this may not be the case. The first two groups assessed mammary lipogenic rates by injection of 'H20 in vivo and it is unclear whether these workers considered the possibility that some of the radioactive fatty acids found in the mammary gland may have been synthesized in, and transported from, the liver. Indeed one of these groups has been unable, thus far, to substantiate their prediction that the observed changes in lipogenic activity would ultimately be shown to result from changes in the activities of key mammary lipogenic enzymes; this group (6) found the mammary fatty acid synthetase content to be unaltered by changes in maternal diet, an observation consistent with the original findings of Smith et al. (30) . Clearly further experimentation is needed to clarify this issue. With the introduction of a procedure for assessing lipogenic rates in lactating human breast epithelial cells, it ought to be possible to tackle this problem with human, as well as animal subjects. The results of this and earlier studies raise the possibility that the lipogenic system of the human breast is a n adaptive one which can be repressed by maternal diets high in fat, and fully expressed on consumption of low fat, high carbohydrate diets. If we accept that, during evolution, retention of the ability to synthesize these unique fatty acids offered some selective advantage in neonatal nutrition, perhaps the wisdom of repressing this lipogenic system, by consumption of high fat diets, ought to be carefully evaluated.
ABSTRACT. Premature rabbit neonates delivered at gestational age 27 days were ventilated by high frequency oscillation for 60 min with 100% 02, using a frequency of 7-8 Hz, 50% inspiration time and mean airway pressures of 6-8 cm H20. Twenty-five animals received bovine surfactant (2 ml/kg body weight; phospholipid concentration 85-100 mg/ml) in the tracheal cannula before onset of ventilation, and 22 littermates served as controls. In the surfactant-treated group, average tidal volume was about 10 times larger than in controls, yet only 15% of the estimated dead space. Judged from ECG recordings, the treated animals also had a much higher survival rate: 96 versus 5% (p < 0.001). Morphometrically, mean alveolar volume density was increased in the surfactant-treated animals in comparison with controls: 0.65 f 0.08 versus 0.37 + 0.08 (2 f SD; p < 0.005). Bronchiolar epithelial lesions were found in all control animals and were severe in almost all cases. In the surfactant-treated group, epithelial lesions were absent in 12, mild in 11, and fairly prominent in two animals. We conclude that after treatment with surfactant, the premature newborn rabbit can be ventilated adequately with high frequency oscillation at comparatively low mean airway pressures and that surfactant replacement effectively reduces the development of epithelial lesions in conducting airways during high frequency oscillation. (Pediatr Res 19: 143-147, 1985) Abbreviations HFO, high frequency oscillation VT, tidal volume VV, volume density
The tendency of the surfactant-deficient lung to collapse at end-expiration can be compensated for by a variety of therapeutic measures, such as the application of continuous positive airway pressure (3) or the adjustment of respiratory rate and inspiration/ expiration ratio during artificial ventilation (6) . Recent data from animal experiments and clinical trials indicate that ventilation by HFO might represent yet another realistic alternative (for review, see Refs. I and 5). During HFO, the lungs are kept Received May 10, 1984 ; accepted ~u g u s t 20, 1984. expanded by the pressure needed to maintain uniform air expan- (1 2).
